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Abstract

Using 0.005 cm~' resolution room-temperature Fourier transform spectra of
'®0-enriched ozone samples, an extensive analysis of the v, bands of the two
isotopes '°0'°0'*0 and '*0'°0'°0 was performed. Vibration-rotation energy
Tevels of both species deduced from these analyses together with the available
microwave data were then reproduced using a Watson A-type Hamiltonian leading
to accurate vibrational energies and rotational constants for the ground
states (000) and first excited vibrational states (010) of these two isotopic
species. The following band centers were obtained: v, (*°0'°0'¢0) = 693.3057
cm~', v, ('°0'°0'°0) = 684.6134 cm~'. Finally, appropriate expansions of the
transformed transition moment operators of the two v, bands were used to
generate a complete 1ist of line positions, intensities, and lower state

energies for the two isotopes :¢0'°0'¢0 and '°0'*0'°0.



INTRODUCTION

In a series of previous papers (1-3), we have reported our work
concerning the absorption in the 10-ym region of the v, and v, bands of the
isotopic species of ozone '*0'*0'*0, '*0'*0'°0, '°0%*0'°0, and '®*0,. This
effort was undertaken in order to improve our knowledge of the spectroscopy of
the ozone molecule and to generate line parameters (positions, intensities,
and lower state energies) useful for atmospheric remote sensing applications
(4). Recently, the absorption in the 14-um region by the v, and 2v, - v,
bands of the main isotopic species '*0, has been carefully studied (5). To
provide an extensive understanding of isotopic ozone absorption in the same
spectral region, we present in this paper the results concerning the v, bands
of the two '®0-isotopic ozone variants of primary atmospheric interest,

1001 lol 60 and 1 lol Gol '0.

EXPERIMENTAL DETAILS

The spectral data used in the analyses were obtained in June 1985 at room
temperature and 0.005-cm~' resolution using the Fourier transform spectrometer
located in the McMath solar telescope complex at the National Solar
Observatory on Kitt Peak. The absorption cell used'in these measurements was
a 50-cm long 5.08-cm diameter Pyrex tube with Teflon valves. The KCR windows
which were cemented onto the ends of the absorption cell were slightly wedged
(5-10 mrad) to prevent channeling arising from multiple reflections. |

The ozone samples were prepared by carefully mixing known initial
pressures of 99.98% pure '®0, and 95.9% pure '®0, in the ozone generating

system. The samples were generated using the standard silent electric



discharge technique. The discharge was run for ~1 hour during which time
liquid ozone was condensed on the wall of a 1iquid-nitrogen-cooled cold trap.
After the discharge was turned off, the excess oxygen was pumped from the
ozone generating system. The liquid ozone Qas then evaporated by allowing the
cold trap to warm to room temperature. Recording of the data was started when
the pressure had stabilized. Before starting to record the spectra, the
absorption cell was conditioned for ozone by generating a sample and keeping
it in the cell for a few hours. Additional details concerning the ozone
generating method are given in Refs. (1, 4).

Analyses were performed on two spectra recorded with ozone samples
generated from oxygen mixtures which contained ~85% '°0, and ~15% '*®0,.
The final sample pressures were ~23.2 and ~15.3 Torr in the absorption
cell. The sample pressures and temperatures were monitored continuously
during the ~1-hour recording time for each spectrum using a 0- to 100-Torr
Barocel pressure gauge and a thermocouple kept in contact with the cell wall.
The wavenumber scale of each spectrum was established relative to the
standards in the v, band of H,'*0 reported by Brown and Toth (6).

Line Positions

The pure rotational spectrum in the (010) states of the two isotopic 4
species '°0'°0'°0 and '*0'*0'°0 was previously studied (7) providing a good
set of rotational constants for the (010) state of both molecules. Because
the rotational constants of the ground states were also known (8), it was
possible to generate a calculated 1ist of 1ine positions for the v, bands of
the two isotopic species with only the band centers as unknown quantities.
After several attempts, the comparison between the observed and calculated
spectra allowed us to determine these band centers and to assign transitions

involving Tow and medium J and Ky values. These transitions were fitted



with a Watson-type Hamiltonian to obtain the vibration energies and an
improved set of rotational constants for the (010) states. These constants
were then used to extend the assignments by extrapolation to new lines with
higher J and K3 values. However, for K3 values higher than 11, the .
ground-state levels calculated using the rotational constants derived from
microwave transitions (8) were found to diverge from the observed values with
discrepancies between observation and calculation increasing with increasing
Kq values. It was, therefore, necessary to improve the ground-state
constants, which was accomplished Ey fitting simultaneously the available
microwave data of the (000) state (8) and the combination differences derived
from our infrared spectra. The molecular constants resulting from these fits
are given in Tables I and II for the *°0'®0!'®*0 and '°0**0!®0 molecules,
respectively. These cohstants are similar to those derived from the microwave
spectrum (8) but allow a more precise calculation of the high Ky levels.

The (000) levels calculated from these constants were then used to determine
the (010) experimental levels which were reproduced with the aid of a
Watson-type Hamiltonian. The corresponding vibrational energies and
rotational constants are gathered in Tables I and II for the °®0'®0!*0 and
1¢01¢0'°0 isotopes, respectively.

Line Intensities

As in our previous studies (1-3) of the spectra of the '°0 isotopic
species of ozone, we faced the problem of determining the 1ine 1ntensit1es’of
a molecule for which a pure sample cannbt be produced. We, therefore, decided
to use theory to calculate the Tine intensities of the v, band of the
symmetrical molecule '°0'*0'*0. This was done by transferring the dipole
moment of '°0, using the theory developed in Ref. (9), and the expansion of

the transition moment operator of the v, band of '*0'°0'°0 derived in this



manner is given in Table IIl.' Using this expansion together with the
wavefunctions dedu;ed from the energy calculation, the 1ine intensities of‘the
v, band of '*0'*0'*0 were computed and used to calibrate the spectra. Then,
assuming a ratio of 2 between the amounts of '°0'°0'°0 and '°®0*®0'¢0 in the
sample, 1ine intensities of 60 transitions for the '“0'°0'°®0 molecule were
measured and least-squares fitted leading to the expansion of the transformed
transition moment of the B-type component of the v, band of *®0'°0'®0 which is
given in Table III. It is well known that **0'®0'°0 molecule belongs to the
Cs point group and, consequently, each band of this molecule is a hybrid
consisting of a B-type and an A-type component. The B-type component was
clearly observed. However, because the spectrum was very crowded, it was not
_possible to observe the A-type component which is much weaker than the B-type
one.

Finally, using the wavefunctions derived from the diagonalization of the
Hamiltonian matrices both for the ground and the (010) states, as well as the
expansions of the transition moment operators quoted in Table III, a listing
of 1ine positions and intensities of the v, band of *°0'°0'®0 and of the
B-type component of the v, band of '°0'*0'°0 was computed. The calculations
were performed up to maximum values of J, Ky, and E", respectively, of 65,
17, and 1750 cm~' with an intensity cutoff of 0.25 x 10-%% and 0.50 x 10-3%?
cm~'/molecule cm~? at 296 K for the '*0'*0'°0 and '°0'°0!'°0 molecules,
respectively. The resulting total band intensities are 0.649 x 10-'°® and
0.645 x 10-'* cm~'/molecule cm~? at 296 K respectively for the v, bands of
these two isotopes. Partition functions Z(296 K) = 7385 for '¢0'°0!°0 and
Z(296 K) = 3599 for '¢0'°0'°0 were used in the calculations.

To check the quality of our calculated parameters, we have compared

portions of synthetic spectra with the measured laboratory spectra. The line



parameters from Ref. (5) were included to reproduce absorption features of the
v, and 2v,-v, bands of '*0,. As can be seen from Figs. 1 to 3, the agreement

between measurement and calculation is very good in all cases.

CONCLUSIONS

Using high-resolution, room-temperature Fourier transform spectra of
180-enriched samples of ozone, we have performed a detailed analysis of the v,
bands of the two monosubstituted isotopic species, '°0'°0'°0 and '€0'¢0'®0.
The experimental vibration-rotation energy levels of both molecular species
obtained from this analysis combined with the available microwave data were
then reproduced to the experimental accuracy with the aid of a Watson A-type
Hamiltonian leading to accurate sets of vibrational energies and rotational
constants for the ground and the first excited states v, of the two isotopic
species. Because of the difficulties involved in measuring the exact sample
purities; the 1ine intensities were computed in the following way. The line
intensities of the symmetrical species '*0°0'*0 were first determined
theoretically by transferring the dipole moment of '°0, determined
experimentally in earlier studies. Assuming a factor of 2 between the
abundances of '*0'°0'*0 and '*0'®0'*0 in the sample produced in the
laboratory, experimental intensities were derived for the B-type component of
the v, band of '*0'*0'*0. The A-type component of the v, band of '¢0'¢0'°0
was too weak to be observed in the spectrum. Finally, a 1ist of tine
positions, intensities, and lower state energies for the v, band of *¢0'®0'®0
and for the B-type component of the v, band of '*0'°0'°0 was generated
providing a complete description of the fine structure of the absorption of

the '*0-monosubstituted ozone isotopes near 14.3 um.
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Figure Captions

Spectrum near 635 cm~' of a room'temperature 1%0-enriched ozone
sample prepared from an isotopic mixture of oxygen containing
~85% '*0, and ~15% '°0,. The ozone sample pressure was ~15.3

Torr and the absorption path was 50 cm. In this spectral region,
the PQK“ = 9 series of lines belonging to the v, band of *°0'¢0'°®0
a

(solid circles) are observed. The excellent agreement between the
observed (solid line) and best-fit calculated (plus symbols)
spectra can be noticed.

Laboratory (solid lines) and best-fit calculated (plus symbols)
spectra in the region of the v, band of '*0*°0'°0 around 732 cm~*.
The laboratory spectrum was recorded at room temperature with about
15.3 Torr of ozone in a 50-cm absorption path. The ozone was

prepared from an oxygen mixture containing ~85% '*0, and ~15%
1%0,. The RQK" = 6 1ine series (solid circles) is clearly visible
a

and is well reproduced by the calculations.

Laboratory (solid 1ine) and best-fit calculated (plus symbols)
spectra in the region of the v, bands of '°0*°0**0 and '*0**0'°®0
around 790.5 cm~'. The laboratory spectrum was recorded at room
temperature with about 15.3 Torr of ozone in a 50-cm long
absorption cell. The oxygen was generated from an oxygen sample
with an initial isotopic composition of ~85% '*0, and ~15%

1%0,. The high J and Kz transitions of '°0'®0'°0 and '©0%°0'*0
are observed in this spectral region. Their absorptions are well

reproduced by the calculations.
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TABLE I

Vibrational Energies and Rotational Constants for the
(000) and (010) States of 160l8gl6g

(000) (010)
EY 693.30570, + 0.000040
A 3.29049900, + 0.00000019 3.34155121, + 0.00000043
B’ 0.445399229, + 0.000000037 0.444188088; + 0.000000068
cY 0.391329662, + 0.000000032 0.388900751, + 0.000000065
By (0.1808811g, * 0.0000095) x 10-3  (0.1990522;, + 0.0000092) x 10-3
B (-0.131795, + 0.00017) x 10-5 (-0.124245, + 0.00015) x 10-5
A) (0.44784,,  + 0.00011) x 10-6 (0.450826,., + 0.000094) x 10-6
5y (0.3115549 + 0.00019) x 10-° (0.37198;,  + 0.00017) x 10-°
5 (0.72905,; + 0.00017) x 10-7 (0.72243;, + 0.00011) x 10-7
Hy (0.29550,, + 0.00077) x 10-7 (0.37749,, + 0.00064) x 10-7
He (-0.1475,4  + 0.0022) x 10-8 (-0.1709,, + 0.0012) x 10-8
H) (-0.121,,  + 0.050) x 10-10 (-0.25c;  + 0.25) x 10-1!
H) (0.439,5  + 0.083) x 10-!2 (0.3325¢  + 0.046) x 10-!2
hy (0.161,,  + 0.30) x 10-8 (0.262;,  + 0.016) x 10-8
he (0.114, +0.12) x 10-11 (-0.55,,  + 0.32) x 10-!!
h] | (0.160,,4 + 0.021) x 10-12 (0.173,, + 0.013) x 10-12
Ly (-0.678;,  + 0.021) x 10-1!




TABLE II

Vibrational Energies and Rotational Constants for the

(000) and (010) States of 60l6gl8p

(000) (010)

EY 684.61341;  + 0.000027

AY 3.48818507, + 0.00000013 3.53817681; + 0.00000030

BY 0.420008328; * 0.000000022 0.418829269, + 0.000000038

cY 0.374008935; + 0.000000020 0.371940160, + 0.000000036
A; (0.2038845,¢ + 0.0000064) x 10-*  (0.2235174, + 0.000012) x 10-3
By (-0.190229,, + 0.000069) x 10-5 (-0.1857944, + 0.000093) x 10-5
A; (0.40691744 + 0.000040) x 10-6 (0.409396,5 + 0.000050) x 10-®
5y (0.292055, + 0.00013) x 10-5 (0.35057g, + 0.00011) x 10-5
5] (0.606059;, + 0.000098) x 10-7  (0.602338,, + 0.000063) x 10-’
Hy (0.352005; + 0.00047) x 10-7 (0.440785, + 0.00078) x 10-7
e (-0.1589,, + 0.0014) x 10-8 (-0.1832,s + 0.0013) x 10-8
H) (-0.140g  + 0.029) x 10-10 (-0.925,  + 0.90) x 10-12
H) (0.3005,  * 0.024) x 10-12 (0.315,,  # 0.023) x 10-12
hy (0.159g  # 0.021) x 10-8 (0.272)4  + 0.014) x 10-8
he (0.204, + 0.19) x 10-11 (-0.76g49  * 0.20) x 10-11

3 (0.1124, + 0.013) x 10-12 (0.1500,,  + 0.0062) x 10-12
Ly (-0.52353  + 0.016) x 10-!!
Ly (-0.95,,  + 0.67) x 10-!3




TABLE III

Transition Moment Ogerators fo the v, Bands of

160180180 and 160!0'%0
160180160 160160180
¢ -0.488 x 10-! (-0.49500, + 0.00035) x 10-!
X
. - -3
{1oy, 3,1 0.194 x 10-3 (0.2772¢ + 0.0021) x 10
{60 19} 0.135 x 10-3 (0.1475, + 0.0011) x 10-3

A1l the results are in Debye and the quoted errors correspond

to one standard deviation.

As explained in the text, only the B-type component of the v,

band of 160'0'80 was observed.
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